Here, we successfully welded two bulk metallic glass (BMG) materials, Zr 51 Ti 5 Ni 10 Cu 25 Al 9 and Zr 50.7 Cu 28 Ni 9 Al 12.3 (at. %), using a liquid-solid joining process. An atomic-scale metallurgical bonding between two BMGs can be achieved. The interface has a transition layer of ~50 μm thick. The liquid-solid joining of BMGs can shed more insights on overcoming their size limitation resulting from their limited glass-forming ability and then promoting their applications in structural components.
. To address this critical issue, over the past decades, tremendous research efforts have been devoted to the joining of BMGs to obtain industrial-size samples through various techniques [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Until now, the BMGs in several alloy systems have been successfully welded together by a liquid-state process using electron beams 20 , laser beams 21 , and pulse current methods 22 , or by a solid-state process using friction [23] [24] [25] , explosion 26 , thermoplastic deforming 27 , and ultrasonic welding methods 28 . For instance, Kawamura et al. 29, 30 23 (atomic percent, at. %) BMGs to the same ones by the friction method, Chen et al. 27 introduced a novel thermoplastic-deforming method to join BMGs, Wang et al. 21 welded 3-mm thick TiZrNiCuBe BMG plates without defects or crystallization by the laser-welding process, Kawamura et al. 20 also welded a 3.5 mm thick Zr 41 Ti 14 Cu 12 Ni 10 Be 23 BMG plate with an amorphous structure and full strength by electron beam welding, and Zhou et al. 22 connected Zr 55 Al 10 Ni 5 Cu 30 BMG samples using the pulse-current method. Special attempts should be focused on the welding/joining techniques of two different materials, such as joining a BMG sample to another one with different chemical compositions, to achieve the excellent combination of specific properties of the individual material of the welded parts and then to provide flexible design possibilities for high-performance products.
Here, we introduce a new liquid-solid joining method in which we directly cast a glass-forming melt into a copper mould inserted by a solid-state glassy rod with another chemical composition. At the moment of solidification, the outer surface of the solid-state glassy rod involves an instantaneous liquid-solid interface reaction. After joining, the microstructures and mechanical properties of the welded samples were investigated. The interface characterization between two BMGs was analyzed. The mechanism for the metallurgical bonding upon the liquid-solid joining method was discussed in details. It is expected that the method presented here could provide more freedom in finely-tailoring the microstructures and mechanical properties of BMG products.
Methods
The alloy ingots of the nominal compositions, Zr 51 Ti 5 Ni 10 Cu 25 Al 9 and Zr 50.7 Cu 28 Ni 9 Al 12.3 (at. %, hereafter denoted as Zr 51 and Zr 50.7 , respectively) were obtained by arc-melting a mixture of Zr, Ti, Ni, Cu, and Al with high purity (> 99.5%) in a Ti-gettered argon atmosphere. Each ingot was re-melted and electromagnetically stirred at least four times to ensure the chemical homogeneity. Firstly, the Zr 51 alloy cylinders of 4 mm in diameter and ~30 mm in length were fabricated by drop-casting the molten alloys into a copper mould. Then, the obtained cast Zr 51 alloy cylinder was inserted into another copper mould with a hole of 10 mm in diameter. The Zr 50.7 alloy melt was cast into this mould, to fabricate a composite sample with the outer Zr 50.7 alloy of 10 mm in diameter and the inner Zr 51 alloy of 4 mm in diameter, as presented in Fig. 1a . The thermal properties of the Zr 51 and Zr 50.7 alloy parts of the composite sample were examined using a Perkin-Elmer differential scanning calorimetry (DSC) at a heating rate of 20 K/min under a flow of purified argon atmosphere. The joining area of the composite sample was examined by scanning electron microscopy (SEM, FEI Sirion) equipped with the energy-dispersive spectrometry (EDS, Oxford INCA). To study the structure and phase nature of the post-welded composite material, two samples containing the welding interface were sliced by the dual beams focused ion beam (FIB) system (FEI HELIOS NanoLab 600i) and then subjected to a transmission electron microscopy (TEM, JOEL JEM-2100) observations at 200 keV.
In order to characterize the mechanical properties of the welded joint, room-temperature nanoindentation tests were performed on its polished cross-section at a constant loading rate of 0.5 mN/s with a maximum applied load of 10 mN using an MTS Nano indenter XP system with a Berkovich diamond indenter. The loading and unloading rates were kept the same, and a holding time of 5 s was used at the maximum load. The nano-hardness and elastic modulus were calculated, using the Oliver-Pharr method 32 .
Results
Figure 1b shows the DSC curves obtained from the Zr 51 and Zr 50.7 alloy parts of the composite sample at a heating rate of 20 K/min. A distinct glass transition followed by a wide supercooled liquid region and exothermic events due to crystallization events can be observed in the thermograms for the two alloys. Glass transition temperature (T g ) and crystallization temperature (T x ) are determined to be 407 °C and 450 °C for the Zr 51 alloy, and 443 °C and 501 °C for the Zr 50.7 alloy, respectively. Figure 1c is the SEM image of the cross section of the welded sample. No any defects, voids, or cracks can be detected at or near the interface, revealing that two BMG materials exhibit a perfect and strong metallurgical bonding using the liquid-solid joining method. It can be contributed to the fact that the liquidus temperature, T l , of the Zr 50.7 alloy (841 °C) is 110 °C higher than that of the Zr 51 alloy (731 °C). When the Zr 50.7 alloy melts was drop cast into a copper mould inserted by the solid-state Zr 51 alloy, a transient melting process will inevitably take place on the surface area of the Zr 51 alloy cylinder, favoring the mutual diffusion of the atoms of the two alloys. Clearly, the microstructure of the welded sample can be divided into three different regions I, II, and III. In region I, nanocrystals with an average size of ~200 nm are embedded in the featureless glassy matrix, as shown in Fig. 1c inset. Region II with a width of ~50 μ m exhibits a columnar crystal structure, whereas region III has a typical featureless nature of the amorphous phase. The nano-mechanical properties of the welded joint were characterized using nanoindentation. Figure 1d presents the nano-hardness profile across the interface of the Zr 51 /Zr 50.7 alloy joint, where the origin point of the x-axis denotes the interface of the Zr 51 /Zr 50.7 alloys. As seen, the nano-hardness values of the regions in Zr 51 and Zr 50.7 alloy parts far away from the interface are 7.4 GPa, and 8.7 GPa, respectively. The region adjacent to the interface with a width of ~50 μ m has a nano-hardness value ranging from 7.4 to 8.7 GPa, further confirming the width of transition layer shown in Fig. 1c .
To study the structure and phase nature of the post-welded material, two samples containing the interface of regions I and II, and region II and III, respectively, were sliced by the FIB and then subjected to TEM observations. Figure 2a Figure 2g ,h are the SAED patterns taken from the crystals in region II close to the interface between region I and region II, and region II and region III, respectively. The diffraction spot of crystals in Fig. 2g ,h can be identified to be the same phase, Cu 10 Zr 7 (PDF: 47-1028), with lattice parameters of a = 12.675 nm, b = 9.313 nm, and c = 9.347 nm. Figure 2i is the SAED pattern of region III, showing clearly diffuse halo rings, typical of an amorphous structure. It suggests that region III maintains its amorphous structure without any devitrification after the liquid-solid joining process.
The above experimental results indicate that the Zr 51 and Zr 50.7 alloys can be metallurgically bonded at the atomic scale by the liquid-solid joining process. In order to make clear the bonding mechanism of two different BMG samples, numerical simulations of the joining process have also been performed, using the Abaqus software based on the following Fourier's heat conduction equation 33 ,
where ρ, c, and λ are the density, the specific heat, and the thermal conductivity, respectively. For such a liquid-solid joining process, the Zr 50.7 alloy melt can be considered as the heat source of the whole system. During the joining process, the heat of the Zr 50.7 alloy melt conducted to the solid-state Zr 51 alloy and Cu mold. The initial temperature of the Zr 50.7 alloy melt, solid-state Zr 51 alloy and copper mold are assumed to be 850 °C, 25 °C, and 25 °C, respectively. Figure 3a shows the two-dimensional (2D) square meshed used in the temperature field analysis and much smaller meshes with the minimum mesh size of 5 μ m were used in the area near the interface to study the thermal history during the joining process. Figure 3b shows the temperature profiles extracted from two locations. One is the center of Zr 51 alloy (Location 1), and the other locates in the Zr 50.7 alloy where is 50 μ m away from the Zr 51 /Zr 50.7 interface (Location 2). Figure 3b inset presents the temperature field within the Zr 50.7 alloy melt, and the solid-state Zr 51 alloy at 30 s after the Zr 50.7 alloy melt is drop cast into the copper mould.
Discussion
During the liquid-solid joining process, the highest temperature of the Zr 51 alloy is 473 °C, higher than T x of the Zr 51 alloy. It facilitates the crystallization event during the initial joining stage. Thus, a structure of numerous crystals embedded in the glassy matrix can be detected in the Zr 51 alloy after joining, as seen in Figs 1c and 2a.
Next, we will discuss the structure evolution in outer liquid-state Zr 50.7 alloy during joining. For Location 2, the time duration from 850 °C down to 446 °C, T g of the Zr 50.7 alloy, is 41 s, yielding a cooling rate of 9.85 °C/s, almost identical with its critical cooling rate for glass formation (9.8 °C/s) 34 . Whereas, for the areas far away from the interface, a high cooling rate (> 9.8 °C/s), due to the severe heat conduction between the Zr 50.7 melt and the copper mould, ensures the Zr 50.7 alloy to preserve its amorphous structure after joining (See Region III in Fig. 1c) . The temperature of the inner solid-state Zr 51 alloy quickly increases from 25 °C to 473 °C. After that, the temperature in the Zr 51 alloy is even higher than that in the Zr 50.7 alloy, as seen in Fig. 3b . The heat will be continuously conducted from the Zr 51 alloy to the Zr 50.7 alloy until the end of the joining process. Thus, the locations adjacent to the interface, especially those with a distance of < 50 μ m to the interface, will experience a lower cooling rate than those away from the interface, resulting in the formation of crystalline phases after joining (See Region II in Fig. 1c) . Meanwhile, due to the existence of a great temperature gradient and, thus, a large concentration gradient from the interface to the copper mould, the growth direction of the crystalline phase should be perpendicular to the interface. Therefore, the columnar crystals precipitate in the locations adjacent to the interface during joining, as seen in the inset of Figs 1c and 2a,b. Here, using the proposed liquid-solid joining process, one can easily join two different BMG samples together. The joint sample exhibits an excellent metallurgical bonding, as confirmed in Figs 1c and 2 . Based on this process, one could obtain BMG components of desirable properties by fine tuning the chemical composition, size, and shape of the two BMGs. For instance, if one can join Gd-based BMG of excellent functional properties but disappointed mechanical properties 35 with Co-based BMG of high fracture strength exceeding 6000 MPa 36 together, to get a composite component with the outer Co-based BMG and the inner Gd-based BMG, the obtained composites would be expected to have both high strength and high magnetocaloric effect. On the other hand, the liquid-solid joining method involves universal arc melting furnace. Despite the fact that the crystallization around the Zr 50.7 /Zr 51 interface is hardly avoided due to low cooling rate in current conditions, the mechanical properties of the joint did not deteriorate, which is confirmed by the nanoindentation results (See Fig. 1d) . In some cases, the plasticity of BMGs can be enhanced by the appropriate control of the size and distribution of crystals. For example, isolated crystallite islands can be created to optimize the mechanical performance of BMGs via surface crystallization induced by surface mechanical attrition treatment process 37 . Improved tensile plastic strain can be obtained by the formation of microstructural heterogeneity induced by cold rolling 38 . The ductility of a Ti-based BMG under compression was found to increase up to ∼ 42% without reducing the maximum strength due to the existence of nanocrystals induced by isothermal annealing treatment 39 . Based on the tunable chemical composition and corresponding properties, the flexible shape of the joint component, and the simple facility required, although the occurrence of crystallization around the interface, the liquid-solid joining process proposed in the present study are still considered as a useful and powerful method, and can be used to join two dissimilar advanced materials together, such as TiAl intermetallics, high entropy alloys, BMGs, and high temperature Ti alloys.
Summary
In summary, two typical Zr-based BMGs, Zr 51 Ti 5 Ni 10 Cu 25 Al 9 and Zr 50.7 Cu 28 Ni 9 Al 12.3 , were successfully joined, using a liquid-solid joining process. There is a gradual change in the microstructure and nanohardness of ~50 μ m in thickness across the interface of the joint. The microstructural feature of the joint is interpreted in details, based on the solidification theory and numerical simulation. The present joining process is promising for fabricating composite materials of two different BMGs, with flexible properties.
